Smoking is considered to be one of the primary causes of atherosclerosis and vascular injury. Previous studies have shown that nicotine in tobacco can lead to vascular inflammation and endothelial dysfunction. Perivascular adipose tissue (PVAT) is known to secrete various types of adipokines to maintain vascular homeostasis. The present study investigated whether nicotine-induced PVAT malfunction can accelerate endothelial inflammation and eventually lead to endothelial dysfunction. The levels of inflammatory adipokines, including nuclear factor (NF)-κB, interleukin (IL)-1β, IL-6 and tumor necrosis factor (TNF)-α, the ICAM-1 and VCAM-1 adhesion molecules and secretion of adiponectin were assessed in mature adipocytes and endothelial cells cultured alone or in co-culture under nicotine stimulation. It was found that nicotine reduced the secretion of adiponectin and stimulated secretion of the NF-κB, IL-1β, IL-6 and TNF-α inflammatory adipokines in mature adipocytes. Although nicotine stimulated endothelial cells to secrete IL-1β and IL-6, no significant increase in the secretion of TNF-α was observed. The co-culture of mature adipocytes with endothelial cells markedly augmented the expression of the NF-κB, IL-1β, IL-6 and TNF-α inflammatory adipokines and the ICAM-1 and VCAM-1 adhesion molecules, and significantly lowered the levels of adiponectin. These findings suggested that nicotine induced mature adipocyte dysfunction, which caused the abnormal secretion of adiponectin and inflammatory adipokines, and exacerbated endothelial inflammation.
Introduction
Cigarette smoking is a major cause of premature mortality rates worldwide, and is an established risk factor for cardiovascular disease (1) . Tobacco smoke contains >4,000 chemical components (2) , which have been shown to exert marked effects on the magnitude and regulation of inflammatory responses (3) (4) (5) . Compounds, including nicotine, act via various pathways to cause significant damage to endothelial cells (6, 7) , resulting in endothelial dysfunction and a series of subsequent pathophysiological reactions, ultimately leading to atherosclerotic vascular disease. However, the mechanism linking nicotine to this vascular disease remains to be fully elucidated.
Perivascular adipose tissue (PVAT) is a major endocrine and paracrine organ producing a variety of mediator proteins, signaling proteins, known collectively as 'adipokines'. Adipocytes are the predominant cell type in adipose tissue, which secrete numerous adipokines into the blood. It has become clear that several adipokines are mediators, which form communications between adipose tissues and the vasculature (8, 9) .
A number of adipokines are mediators, which allow for communication between adipose tissues and the vasculature. PVAT can secrete inflammatory adipokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-1β, however, certain adipokines can also secrete anti-inflammatory adipokines, including adiponectin and IL-10. Adiponectin is a polypeptide and an adipose tissue-specific collagen-like factor, which is abundantly present in plasma and possesses anti-atherogenic properties. Adiponectin has been associated with cardiovascular disease (10) and hypertension (11) . There is also evidence indicating that adipokines can alter endothelial function and atherogenesis. A study of the association between adiponectin concentrations and smoking habits indicated that the nicotine in tobacco smoke can reduce plasma adiponectin via inhibition of the secretion and expression of adiponectin in adipocytes (12) . When these inflammatory adipokines are released from adipose tissue, they induce adverse effects on the vasculature (13) and induce the release of adhesion molecules by endothelial cells, thereby promoting leukocyte-endothelium interactions during the inflammatory response. These observations indicate that PVAT malfunction can further exacerbate endothelial inflammation via abnormal cytokine secretion. However, whether nicotine can cause abnormal inflammatory responses in the vessel wall through altering the endocrine and paracrine functions of PVAT, which can eventually result in increased endothelial inflammation, remains to be fully elucidated.
The present study investigated the roles of nicotine-induced secretion of inflammatory cytokines and adiponectin from adipocytes and endothelial cells, and examined the effects on interactions between adipocytes and endothelial cells. The nicotine-induced stimulated secretion of adiponectin and inflammatory adipokines by adipocytes and endothelial cells were examined. A co-culture system of adipocytes and endothelial cells was also included to examine the effects of nicotine-induced secretion of inflammatory cytokines and adiponectin on the expression of adhesion molecules. It was shown that nicotine enhanced the secretion of inflammatory cytokines and the expression of adhesion molecules in co-cultures of adipocytes and endothelial cells.
Materials and methods
Materials. Dulbecco's modified Eagle's medium (DMEM) containing high glucose and glutamine was purchased from Hyclone (GE Healthcare Life Sciences, Logan, UT, USA), and fetal bovine serum (FBS), calf serum (CS), trypsin and penicillin G-streptomycin were purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Insulin, 3-isobutyl-1-methylxanthine, and dexamethasone were obtained from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Endothelial cell medium (ECM) and endothelial cell growth supplement (ECGS) were purchased from ScienCell Research Laboratories (Carlsbad, CA, USA). The Transwell system was purchased from Corning Incorporated (Corning, NY, USA). Anti-VCAM-1 antibody was purchased from Epitomics (Burlingame, CA, USA). Anti-ICAM-1 and anti-NF-κB p65 were from Abcam (Cambridge, UK). The horseradish peroxidase (HRP)-conjugated secondary antibodies were from Abcam, and the enhanced chemiluminescence assay kit was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). ELISA kits for IL-1β, IL-6, TNF-α and adiponectin were obtained from R&D Systems, Inc. (Minneapolis, MN, USA). Nicotine and all other chemicals were purchased from Sigma-Aldrich (Merck Millipore).
Cell culture and treatment. Mouse 3T3-L1 preadipocytes (Cell Resource Center, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China) were cultured in DMEM-high glucose basal medium with 10% CS and antibiotics (100 U/ml penicillin G and 100 µg/ml streptomycin) in a humidified atmosphere containing 5% CO 2 at 37˚C. The culture medium was replaced every 48 h. To obtain fully differentiated adipocytes, on day 2 post-confluence, the cells were induced to differentiate using a standard protocol, as described previously (14) . In brief, the cells were induced to differentiate by replacement of the medium to DMEM containing 10% FBS supplemented with an adipogenic cocktail (1 µg/ml insulin, 0.5 mM isobutylmethylxanthine and 1 mM dexamethasone). After 2 days, the medium was replaced with DMEM-high glucose medium supplemented with 10% FBS and insulin. The culture medium was then replaced every 2 days with DMEM-high glucose with 10% FBS medium until >90% of cells were observed to exhibit an adipocyte phenotype when observed under a light microscope (Olympus Corporation, Tokyo, Japan).
Human umbilical vein endothelial cells (HUVECs; ScienCell Research Laboratories) were maintained in ECM and 15 mg/l ECGS in an atmosphere of 5% CO 2 at 37˚C.
The standard protocol used for the mouse 3T3-L1 preadipocytes and HUVECs was similar to that described previously (15, 16) , and the mouse 3T3-L1 preadipocyte differentiation protocol was as described above. The mature adipocytes and HUVECs were co-cultured in a 6-well Transwell system with a 0.4-µm porous membrane to separate the upper and lower chambers. An initial seeding density of 1x10 5 differentiated 3T3-L1 cells per well were cultured in the lower chamber and the HUVECs density of 5x10 4 were cultured in the upper chamber.
The mature adipocytes and HUVECs were exposed to nicotine concentrations of 10 -6 , 10 -7 and 10 -8 mol/l for 24 h, following which the supernatant and cells were collected. The culture supernatants were collected from each sample and centrifuged at 800 x g for 5 min at 4˚C.
Western blot analysis. Total proteins were extracted from the mature adipocytes and HUVECs following cell lysis, the lysates were maintained at 100˚C for 10 min and centrifuged at 23,200 x g for 15 min. The protein concentrations in each sample were determined using a Bicinchoninic Acid Protein Assay kit (Beyotime Institute of Biotechnology, Haimen, China) and equal quantities (20 µg) were resolved using 10% SDS-polyacrylamide gels. The proteins were transferred onto a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). The membranes were blocked in 5% skimmed milk in TBST containing 20 mM, Tris-HCl (pH 7.6), 137 mM NaCl and 0.05% Tween-20, for 1 h at room temperature. The membranes were then incubated with rabbit polyclonal antibody against VCAM-1 (1:1,000; cat. no. ab134047), rabbit polyclonal antibody against ICAM-1 (1:1,000; cat. no. ab7815), or rabbit polyclonal antibody against NF-κB p65 (1:1,000; cat. no. ab16502) overnight at 4˚C. Subsequently, the membranes were incubated with HRP-conjugated secondary antibodies (1:5,000; cat. no. ab205718) for 1 h at room temperature. Bands were detected using an enhanced chemiluminescence assay kit.
ELISA. The culture supernatants from the mature adipocytes, HUVECs and the co-cultured cells in the Transwell system were collected from each sample 24 h following the addition of nicotine, and supernatants were then centrifuged at 800 x g for 5 min at 4˚C. The collected supernatants were aliquoted, snap frozen and stored at -80˚C until later use. Concentrations of IL-1β, IL-6, TNF-α, and adiponectin were assayed using mouse ELISA kits for IL-1β, IL-6, TNF-α and adiponectin according to the manufacturer's protocols.
Statistical analysis. Data are expressed as the mean ± standard error of the mean and were compared using analysis of variance. Each experiment was performed at least three times. P<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA).
Results

Effects of nicotine on the secretion of adiponectin and inflammatory adipokines in 3T3-L1 adipocytes.
The present study first examined the effects of nicotine on the secretion of adipokines by 3T3-L1 adipocytes. Mature adipocytes were exposed to various concentrations of nicotine (final concentrations, 10 -6 , 10 -7 and 10 -8 mol/l) for 24 h. Compared with the controls, the secretion of adiponectin into the culture media was significantly reduced following treatment with nicotine at concentrations of 10 -6 , 10 -7 and 10 -8 mol/l (P<0.05; Fig. 1 ). The secretion levels of IL-1β and IL-6 were then examined using ELISA, and it was found that 10 -6 or 10 -7 mol/l nicotine resulted in elevated levels of IL-1β and IL-6 (Fig. 2) . Following treatment with 10 -7 or 10 -8 mol/l nicotine, no significant difference in the secretion of TNF-α by mature adipocytes was observed (P>0.05); only at concentrations of 10 -6 mol/l nicotine did the levels of secreted TNF-α increase significantly (P<0.05). These findings suggested that nicotine induced a reduction in the levels of adiponectin, and increases in the levels of IL-1β and IL-6 secreted by mature adipocytes.
Effects of nicotine on inflammatory cytokine secretion by
HUVECs. The supernatants from HUVECs were collected at a single time point (24 h) and exposed to various concentrations of nicotine (final concentrations, 10 -6 , 10 -7 and 10 -8 mol/l). The levels of IL-1β, IL-6 and TNF-α were detected using ELISA. The secretion of IL-1β and IL-6 by HUVECs was elevated following nicotine treatment, compared with the control cells (P<0.05), whereas no significant differences were observed in the secretion of TNF-α (Fig. 3) . These findings indicated that the secretion of IL-1β and IL-6 by HUVECs showed a similar trend to that of the mature adipocytes, suggesting a causative association between nicotine and the secretion of inflammatory adipokines by adipocytes and HUVECs.
Nicotine-induced expression of inflammatory adipokines, adhesion molecules and adiponectin, and their effects on adipocyte-HUVEC interactions.
The co-cultured mature adipocytes and HUVECs were exposed to 10 -6 mol/l nicotine for 24 h. This co-culture of the mature adipocytes and HUVECs resulted in a significant increase in the levels of IL-6 and IL-1β in the supernatants (P<0.05; Fig. 4 ). The levels of TNF-α were similar to those of the single cultures of mature adipocytes and HUVECs, but a statistically significant difference was observed (P<0.05; Fig. 4) . Furthermore, measurements of secreted adiponectin using ELISA showed that the levels in the co-culture group were significantly decreased, compared with those of the mature adipocytes cultured alone (P<0.05; Fig. 5 ). Western blot analysis showed that nicotine induced the expression of VCAM-1, ICAM-1 and NF-κB p65 in the co-cultures of mature adipocytes and HUVECs. The levels of VCAM-1 and ICAM-1 in the co-cultured cells were significantly elevated, compared with those in the HUVECs cultured alone (P<0.01; Fig. 6 ), and the co-culture group had significantly higher levels of NF-κB p65, compared with the mature adipocytes or HUVECs cultured alone (P<0.01; Fig. 7 ). These findings suggested that nicotine markedly upregulated the expression of inflammatory adipokines and adhesion molecules in co-cultured mature adipocytes and HUVECs. Additionally, the levels of adiponectin were significantly reduced in the co-cultures, compared with the levels in the mature adipocytes cultured alone.
Discussion
Epidemiological studies have shown that smoking is a major cause of atherosclerosis. Smoking can cause endothelial dysfunction through various mechanisms. PVAT can affect the structure and function of blood vessel walls by altering their endocrine and paracrine functions. The present study investigated nicotine stimulation of mature adipocytes, endothelial cells and a co-culture of these two cell types to investigate how adipocytes affect endocrine and paracrine functions to accelerate endothelial inflammation.
It has been shown that smoking habits are associated with adiponectin concentrations in men, in cultured 3T3-L1 adipocytes, nicotine reduces the secretion and expression of adiponectin (17) . Gao et al (18) reported that nicotine can alter the composition and function of PVAT, resulting in increased blood pressure. Therefore, the present study investigated whether nicotine can cause vessel wall abnormalities as a consequence of the inflammatory response by altering the endocrine and paracrine functions of PVAT. Mature adipocytes were exposed , 10 -7 and 10 -8 mol/l) for 24 h. It was found that the expression levels of IL-6 and IL-1β were significantly elevated in the nicotine-treated group. No significant differences were found in the levels of TNF-α following stimulation with 10 -7 or 10 -8 mol/l nicotine, and only at a concentration of 10 -6 mol/l nicotine did the secretion of TNF-α increase significantly. Concentrations of plasma nicotine have been reported to approach 10 -7 mol/l in smokers (19) . A previous study showed that HUVECs secrete TNF-α in response to nicotine at levels similar to those found in the serum following smoking (10 -6 -10 -10 mol/l), although the activity of TNF-α returned to baseline levels by 24 h (20) . Following stimulation of adipocytes with nicotine for 24 h in the present study, the expression levels of TNF-α showed a similar trend to those of the HUVECs. Adiponectin is an anti-inflammatory cytokine, which can be secreted by adipocytes. It can inhibit inflammation by reducing the expression of various adhesion molecules by endothelial cells (21, 22) . The findings of the present study showed that nicotine reduced the secreted levels of adiponectin in mature adipocytes, similar to findings reported in a previous study (19) . Together, the findings of the present study suggested that nicotine at concentrations similar to those observed in the serum of smokers can lead to PVAT dysfunction, and cause the abnormal secretion of adiponectin and inflammatory adipokines. This suggested that PVAT may contribute to nicotine-induced endothelial inflammatory responses.
In this present study, it was also shown that secretion of the IL-6 and IL-1β inflammatory adipokines by HUVECs was significantly increased following 24 h treatment with nicotine at concentrations of 10 -6 -10 -8 mol/l, however, no significant difference was found in the levels of TNF-α. Previous studies have shown that nicotine can stimulate the secretion of TNF-α and IL-1β by macrophages, and promote the expression of endothelial cell adhesion factor (23) . Overall, the results of the present study suggested that nicotine stimulation of endothelial cells caused increased secretion of inflammatory adipokines and increased endothelial inflammation.
The results described above showed that nicotine caused the abnormal secretion of adiponectin by adipocytes and that endothelial cells secreted inflammatory adipokines. To investigate the interactions between these cell types, adipocyte and HUVEC co-cultures were examined, which were exposed to 10 -6 mol/l nicotine for 24 h. The co-culture led to upregulation in the secretion of IL-6, IL-1β and TNF-α, however, the levels of adiponectin were decreased in the co-culture supernatants. Additionally, it was revealed that, in the co-culture group, the secretion of TNF-α was enhanced by stimulation with adipocyte-conditioned media. As the co-culture resulted in levels of adiponectin similar to those of the adipocytes cultured alone, further reductions in the secretion of adiponectin by adipocytes appeared to affect interactions with endothelial cells and the secretion of inflammatory adipokines. VCAM-1 and ICAM-1 can contribute to the recruitment of circulating inflammatory cells into vascular walls, which may explain the nicotine-induced infiltration of inflammatory cells. The findings of the present study suggested that the expression levels of ICAM-1 and VCAM-1 were upregulated in the co-culture system. A previous study also reported nicotine-induced expression of ICAM-1 and VCAM-1 by endothelial cells (24) . Several factors may be involved in promoting inflammatory responses in endothelial cells, among which NF-κB is an important mediator of tissue inflammation. This transcription factor can drive several aspects of inflammation and induce the expression of several inflammatory mediators, including ICAM-1, VCAM-1 and various interleukins. A number of studies have indicated that cigarette smoking can cause tissue inflammation via the induction of NF-κB, and nicotine has been reported to upregulate the expression of NF-κB in rat intravascular tissues (25) (26) (27) . In the present study, nicotine markedly upregulated the expression of NF-κB in the co-cultured cells. In previously reported in vivo experiments, adiponectin has been found to modulate the inflammatory response of endothelial cells via cross-talk between the cyclic-AMP-protein kinase A and NF-κB signaling pathways (28) . Therefore, the present study hypothesized that nicotine stimulated the co-cultured cells to activate the NF-κB signaling pathway by upregulating the expression of NF-κB, which aggravated endothelial cells and exacerbated an inflammatory response. The results of the present study supported those of previous reports that adiponectin is an important mediator in the cross-talk between adipose tissue and the vasculature (29) , therefore, adipocyte-endothelial cell interactions may be important in nicotine-induced endothelial inflammation.
In conclusion, the present study found that nicotine induced adipocyte dysfunction and caused the abnormal 
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secretion of adiponectin and inflammatory adipokines, which further exacerbated endothelial inflammation. These findings provide evidence for an association between nicotine, PAVT and vascular damage, and offer insight into PVAT-targeted therapy for the protection of vasculature.
